Scheving LA, Zhang X, Stevenson MC, Threadgill DW, Russell WE. Loss of hepatocyte EGFR has no effect alone but exacerbates carbon tetrachloride-induced liver injury and impairs regeneration in hepatocyte Met-deficient mice. Am J Physiol Gastrointest Liver Physiol 308: G364 -G377, 2015. First published November 20, 2014 doi:10.1152/ajpgi.00364.2014.-The role(s) of the epidermal growth factor receptor (EGFR) in hepatocytes is unknown. We generated a murine hepatocyte specific-EGFR knockout (KO) model to evaluate how loss of hepatocellular EGFR expression affects processes such as EGF clearance, circulating EGF concentrations, and liver regeneration following 70% resection or CCl 4-induced centrilobular injury. We were able to disrupt EGFR expression effectively in hepatocytes and showed that the ability of EGF and heregulin (HRG) to phosphorylate EGFR and ERBB3, respectively, required EGFR. Loss of hepatocellular EGFR impaired clearance of exogenous EGF from the portal circulation but paradoxically resulted in reduced circulating levels of endogenous EGF. This was associated with decreased submandibular salivary gland production of EGF. EGFR disruption did not result in increased expression of other ERBB proteins or Met, except in neonatal mice. Liver regeneration following 70% hepatectomy revealed a mild phenotype, with no change in cyclin D1 expression and slight differences in cyclin A expression compared with controls. Peak 5-bromo-2=-deoxyuridine labeling was shifted from 36 to 48 h. Centrilobular damage and regenerative response induced by carbon tetrachloride (CCl 4) were identical in the KO and wild-type mice. In contrast, loss of Met increased CCl 4-induced necrosis and delayed regeneration. Although loss of hepatocellular EGFR alone did not have an effect in this model, EGFR-Met double KOs displayed enhanced necrosis and delayed liver regeneration compared with Met KOs alone. This suggests that EGFR and Met may partially compensate for the loss of the other, although other compensatory mechanisms can be envisioned. liver; submandibular gland; EGFR; Met; hepatectomy; carbon tetrachloride MULTIPLE HORMONE AND GROWTH factor receptors and their ligands have been implicated in the regulation of hepatocyte proliferation, survival, and motility. Two important and wellstudied receptor tyrosine kinases (RTK) in the liver are the epidermal growth factor receptor (EGFR) and Met, which are the receptors for EGF-like ligands and hepatocyte growth factor (HGF), respectively. Both receptors have extracellular ligand binding, transmembrane, and intracellular tyrosine kinase domains. Ligand binding to the extracellular domain alters the configuration of the protein, activating the kinase domain, which initiates intracellular signaling pathways and eventually gene transcription. Gene targeting experiments have shown that Met and its ligand, HGF, but not EGFR or EGF are required for normal liver development during embryogenesis. Global knockout (KO) mice lacking Met or HGF die during midgestation with multiple abnormalities, including liver dysgenesis (2, 47). Global KO mice lacking EGFR also die during embryogenesis or shortly after birth, but the specific cause of death is variable and mouse strain dependent (53). The embryonic or neonatal lethality associated with the loss of either receptor precludes the study of Met or EGFR gene disruption in global KO adult mice. However, hepatocyte-specific (HS) Met (3, 18) and EGFR (27) KO mice do survive as adults. Studies with these mice have suggested that both receptors are required for efficient liver regeneration after partial hepatectomy (PH).
MULTIPLE HORMONE AND GROWTH factor receptors and their ligands have been implicated in the regulation of hepatocyte proliferation, survival, and motility. Two important and wellstudied receptor tyrosine kinases (RTK) in the liver are the epidermal growth factor receptor (EGFR) and Met, which are the receptors for EGF-like ligands and hepatocyte growth factor (HGF), respectively. Both receptors have extracellular ligand binding, transmembrane, and intracellular tyrosine kinase domains. Ligand binding to the extracellular domain alters the configuration of the protein, activating the kinase domain, which initiates intracellular signaling pathways and eventually gene transcription. Gene targeting experiments have shown that Met and its ligand, HGF, but not EGFR or EGF are required for normal liver development during embryogenesis. Global knockout (KO) mice lacking Met or HGF die during midgestation with multiple abnormalities, including liver dysgenesis (2, 47) . Global KO mice lacking EGFR also die during embryogenesis or shortly after birth, but the specific cause of death is variable and mouse strain dependent (53) . The embryonic or neonatal lethality associated with the loss of either receptor precludes the study of Met or EGFR gene disruption in global KO adult mice. However, hepatocyte-specific (HS) Met (3, 18) and EGFR (27) KO mice do survive as adults. Studies with these mice have suggested that both receptors are required for efficient liver regeneration after partial hepatectomy (PH).
EGFR is a member of the ERBB family of RTKs, which also includes ERBB2, ERBB3, and ERBB4. These RTKs form homo-or heterodimers with each other, which are the active signaling units. EGFR, ERBB2, and ERBB3, but not ERBB4, are expressed in mouse liver, but the expression of ERBB2 plummets after weaning (7) . The expression of ERBB3, the receptor for heregulin (HRG), persists in adult mice. This receptor was previously thought to lack intrinsic kinase activity; however, it is now known to have weak kinase activity, turned on by the interaction with other ERBB molecules (51) . In contrast to other ERBB kinases, which can be activated by ligand binding alone within a homo-or heterodimeric kinase signaling unit, activation of the ERBB3 tyrosine kinase requires a transient physical interaction with its dimeric ERBB binding partner. ERBB3 monomers, once activated, can dissociate from the initial heterodimeric pairings and subsequently form HRG-activated ERBB3 homodimers.
Radioligand binding studies indicate that each hepatocyte of the adult male rodent liver expresses ϳ600,000 EGFR (1) but only 20,000 ERBB3 receptors (6) . Relatively little is known about the histological localization of these RTK in the liver or whether ERBB3 can signal with a kinase other than EGFR. An EGFR monomer can form active signaling homodimers with other EGFR molecules or active signaling heterodimers with other ERBB family members, including ERBB3. The signaling outcomes of an EGFR-EGFR homodimer compared with an EGFR-ERBB3 heterodimer are unique, in part because of the multiple PI3-kinase binding sites in the intracellular regulatory domain of ERBB3 (24) . Moreover, ERBB3 can be activated not only by EGFR and other ERBB proteins, but also under some circumstances by other RTKs, such as Met (11) . Along the same line, some HGF-mediated Met actions in cultured hepatocytes can be blocked by inhibition of the EGFR kinase (41) .
We generated a hepatocyte specific-EGFR conditional model (HS-EGFRKO) by deleting exon 3 of the EGFR gene in postnatal hepatocytes. We crossed EGFR f/f mice with albuminCre transgenic mice. Deletion of exon 3 introduces a frameshift resulting in two stop codons in exon 4 and early termination of translation in hepatocytes, which uniquely synthesize albumin (23) . This transgene includes only albumin regulatory elements. It lacks the ␣-fetoprotein enhancers present in the ␣-fetoprotein-Cre transgene, used in an earlier liver regeneration study to disrupt EGFR expression in parenchymal cells (including bile duct cells) (27) . We have used this model to localize EGFR and ERBB3 in the liver and to analyze some of the potential roles played by EGFR in hepatocytes. In this article, we evaluated the role of EGFR in ERBB3 signaling, in exogenous EGF ligand clearance, and in EGF production by the submandibular salivary gland. We also evaluated the loss of hepatocyte EGFR on liver regeneration in surgical and chemical models of hepatocellular loss. Because the liver regenerates following surgical resection, which removes parenchymal as well as nonparenchymal cells, we assessed the importance of EGFR in liver regeneration following 70% hepatectomy (25, 26) . We found a weaker effect of EGFR gene disruption on liver regeneration following hepatectomy than in a previous study (27) .
We also examined how loss of hepatocyte EGFR affected regeneration following chemical injury caused by carbon tetrachloride (CCl 4 ), a centrilobular hepatotoxin. We compared the loss of hepatocellular EGFR with that of a single gene hepatocyte specific-Met conditional model (HS-MetKO) generated by crossing Met f/f mice with albumin-Cre transgenic mice. In addition, we generated a hepatocyte specific-EGFRMet double KO (HS-EGFR/Met DKO). Compared with wildtype mice or single gene KOs, dual disruption of EGFR and Met yielded a more severe phenotype in CCl 4 -injected mice. These mice had smaller livers, increased liver necrosis, and delayed regeneration. Surprisingly, in contrast to the hepatectomy results, the loss of EGFR alone in this chemical injury model had no effect, either on necrosis or subsequent liver regeneration. These results indicate that hepatocytes can support liver regeneration following centrilobular necrosis even in the absence of EGFR.
EXPERIMENTAL PROCEDURES
Mice and genetic crosses. Transgenic mouse models Egfr f/f (23), Met f/f (18) , and Alb-Cre ϩ/Ϫ (The Jackson Laboratory) mouse strains were generated as previously described. Egfr f/f has two loxP sites flanking exon3 of the EGFR. Deletion of exon 3 caused a frameshift that resulted in two stop codons in exon 4 and early termination of translation (23) . To generate hepatocyte-specific EGFR KO, Alb-Cre mice were crossed with Egfr f/f to generate Alb-Cre Egfr f/f or their siblings Egfr f/f . A similar approach was used to establish Alb-Cre/ Met f/f . To minimize the influence of sex differences in the response of mice to hepatectomy or CCl 4, we mainly studied male mice but did have female subgroups at select times. Since deletion of floxed DNA in hepatocytes is age dependent, we used mice that were at least 8 wk old in regeneration experiments. Mice were fed Purina Mills Lab Diet and water ad libitum under specific pathogen-free conditions in an American Association for the Accreditation of Lab Animal Careapproved facility. Mice were raised under conditions of regulated lighting (lights on 0600 -1800), temperature, and humidity. The Vanderbilt Institutional Animal Care and Use Committee approved all experiments.
Genotyping. Met DNA was extracted from ear punches or tail biopsies for genotyping by incubating at 95°C in 100 l of 25 mM NaOH/0.2 mM EDTA for 20 min and then neutralizing with 100 l of 40 mM Tris·HCl, pH 5.0. For the subsequent genotyping reactions, 1 l of lysed tissue sample was used per reaction. PCR conditions were 35 cycles at 94°C for 45 s, 62°C for 60 s, and 72°C for 120 s. The EGFR allele was amplified by PCR with the following primers: EGFR, 5=-CTTTGGAGAACCTGCAGATC-3= and EGFR, 5=-CT-GCTACTGGCTCAAGTTTC-3=. PCR products were run on a 3% agarose gel to separate a 320-bp product corresponding to wild-type EGFR and a 370-bp product corresponding to the KO EGFR allele. The Met allele was amplified by PCR with the following primers: Met-L, 5=-GCAACTGTCTTTTGATCCCTGC-3= and Met-R, 5=-TGTCCAGCAAAGTCCCATGATAG-3=. PCR products were run on a 3% agarose gel to separate a 500-bp product corresponding to wild-type and a 580-bp set of product corresponding to the KO Met f/f allele.
Partial hepatectomy. PH (70%) was performed on male mice under isoflurane anesthesia by ligating and removing the left lateral and median lobes, including the gallbladder as previously described (39) . There were four to six mice per time point and no perioperative mortality. Warm isotonic saline (0.5 ml) was deposited into the peritoneum before closure.
Collection of livers and other organ samples. Mice were anesthetized with 3% isoflurane. They were subjected to a thoracotomy and cardiac puncture to obtain blood. Organs were rapidly dissected from each animal and the wet weights were recorded. Portions of the liver were either frozen in liquid nitrogen for protein and RNA analyses or fixed in phosphate-buffered 4% paraformaldehyde for subsequent paraffin embedding and various histological analyses. The weights of the regenerating liver and the mouse at the time of euthanasia were used to calculate a liver-to-body weight per cent (liver/body wt ratio ϫ 100%).
CCl4 model of liver injury and regeneration. CCl4 (0.8 l/g body wt) in olive oil (200 l) was injected into the intraperitoneal (ip) cavity and the mice were then euthanized at various times after injections. All injections were performed during the middle of the light phase to minimize circadian differences in toxicity. There were five or more mice per time point and no postinjection mortality, even in mice with delayed liver regeneration.
Serum chemistry. Plasma was obtained at the time of mouse euthanasia and tested for serum alanine aminotransferase (ALT) (TecoDiagnostics, Anaheim, CA).
BrdU labeling and immunohistochemistry. Mice that underwent PH were injected with 100 g/g of 5-bromo-2=-deoxyuridine (BrdU; Boehringer Mannheim, Indianapolis, IN) 1 h before euthanasia. Mice from the CCl4 experiments were not injected with BrdU. Livers were fixed in PBS-buffered 4% paraformaldehyde. After overnight fixation, liver samples were transferred to 70% ethanol, dehydrated in a graded series of ethanols and xylenes, and embedded in paraffin, and 5-m sections were cut by use of a Leica Biocut 2030 microtome. Sections were deparaffinized and rehydrated in a graded series of ethanols. 4 experiments, sections were stained with periodic acid-Schiff to highlight the necrotic areas. These images were photographed and uploaded to a computer, and the percent necrotic area was determined by use of the Image J program. For immunohistochemistry, sections were processed by the manufacturer's protocol (Vectastain Elite ABC kit; Vector Laboratories, Burlingame, CA). Endogenous peroxidase activity was quenched by placing the slides in 0.3% H 2O2 in methanol for 30 min. After blocking the slides in a 3.0% goat serum solution for 1 h, the tissue sections were incubated with the antibodies for 90 min in a humidified chamber. The sections were then washed, incubated with biotinylated secondary antibody, rinsed in PBS, and incubated with the Vectastain Elite ABC reagent. Diaminobenzidine was used as the peroxidase substrate.
Western blotting. Pieces of liver (ϳ100 mg) were weighed and then homogenized on ice using a 2 ml Wheaton glass tissue homogenizer in TGH buffer (20 mM HEPES, 1% Triton X-100, 10% glycerol, 50 mM NaCl). This buffer included protease inhibitors (1 mM PMSF, 1 mM sodium orthovanadate, 10 g/ml aprotinin, and 1 g/ml leupeptin) as well as phosphatase inhibitors (10 mM sodium molybdate and 10 mM ␤-glycerol phosphate). Lysates were immunoblotted as previously described (42 we analyzed by immunoblot the expression of EGFR in different organs, using an antibody that recognizes the COOH-terminus. This blot shows that EGFR expression persisted in HS-EGFRKO mice in the lung and colon. The chemiluminescent images were from the same blot exposed for equal periods of time to show the relative abundance of EGFR in the liver compared with the other organs. Note that a number of EGFR fragments or cleavage products are evident in the liver blot; however, it is not known whether they represents in vivo or ex vivo degradation products or alternatively spliced forms of EGFR. E: mice were injected with heregulin (HRG), EGF, or EGF/HRG into the portal vein and then killed 5 min later. We carried out immunoblots on liver lysates using antibodies that recognize phospho-specific forms of ERBB3 or EGFR. This blot shows that the injection HRG results mainly in phosphorylation of ERBB3 and EGF results mainly in phosphorylation of EGFR. HRG-induced phosphorylation of ERBB3 requires EGFR. *P Ͻ 0.003; **P Ͻ 0.0001.
abundance of the protein. We performed densitometry using an Epson scanner and the Image J program (48) . Statistical analysis. Data are expressed as means Ϯ SE. Statistical analysis was performed by an unpaired, two-tailed Student's t-test assuming equal variances between compared groups. A P value of Ͻ 0.05 was determined to be statistically significant. Figure 1A shows that there was no difference in the liver weights in the wild-type and HS-EGFRKO mice. To document successful disruption of EGFR in hepatocytes, liver homogenates were prepared from the livers of male and female mice and immunoblotted for EGFR or ERBB3. As shown in Fig. 1B , these results confirmed a sexual dimorphism in EGFR in male compared with female livers (1), with the male livers expressing over eight times as much EGFR protein. In the HS-EGFRKO mice, no EGFR was detected until the chemiluminescent exposure was much longer (shown later in Fig. 1D ). To confirm that this resulted in reduced EGF binding, we carried out a 125 I-EGF binding analysis of liver membranes from male and female mice (9, 40) ( Fig. 1C ). Specific ligand binding was lower in female compared with male liver membranes and markedly reduced in membranes from male and female HS-EGFRKO mice. Figure  1D shows that expression of EGFR persisted in other tissues known to harbor EGFR. The immunoblot was overexposed to show the abundance of EGFR in the liver relative to the other tissues. This blot reveals several smaller discrete EGFR fragments in the wild-type mouse liver, which may arise from in vivo or postmortem proteolysis. Evidence for alternatively processed RNA transcripts has been reported previously, but these transcripts encode for the extracellular domain and the related proteins would not be detected by our COOH-terminal antibody (32) . Some EGFR was detected upon long-term exposure in the livers of HS-EGFRKO mice, presumably derived from nonparenchymal cells or from hepatocytes that failed to undergo recombination. Figure 1E shows the phosphorylated isoforms of ERBB3 and EGFR induced by exogenous HRG or EGF. To induce tyrosine phosphorylation of hepatic EGFR or ERBB3, we injected into the portal veins of anesthetized adult male mice either recombinant murine EGF The expression in the early light phase was stronger than that in the early dark phase. Hepatocytes at the beginning of the light phase are larger because of glycogen synthesis during the nighttime feeding phase. B: we injected EGF or HRG into the portal vein (PV) and then used immunohistochemistry to identify the localization of the phosphorylated forms of EGFR (top 2 panels) or ERBB3 (bottom 2 panels). Clear differences in zonal distribution of the 2 receptor tyrosine kinases were observed. The phosphorylated form of EGFR had a striking periportal localization (in contrast to the relatively uniform distribution of "total" EGFR as shown in Fig. 2A ) whereas phosphorylated ERBB3 tended to be stronger around the central vein (CV).
RESULTS

EGFR expression and functionality is effectively reduced in the HS-EGFRKO mice.
(1.5 g in 100 l PBS), recombinant human HRG-␤1 (1.875 g in 100 l PBS), both peptides together, or PBS (100 l) (the peptides were from PeproTech, Rocky Hill, NJ). Mice were euthanized 3 min after injection. No phosphorylation of ERBB3 or EGFR was detected in the HS-EGFRKO livers at this chemiluminescent film exposure. EGF strongly stimulated the tyrosine phosphorylation of EGFR whereas HRG strongly stimulated the tyrosine phosphorylation of ERBB3. Although HRG stimulated the phosphorylation of ERBB3 more strongly than EGFR, this phosphorylation was entirely dependent on the presence of EGFR given the absence of phosphorylation in the HS-EGFRKO homogenates. This finding validates that the vast majority of ERBB3 in the liver resides in hepatocytes as opposed to the nonparenchymal cells and that the EGFR-ERBB3 heterodimer is the initial signaling dimer employed by HRG.
Immunohistochemical localization of EGFR and ERBB3 expression in HS-EGFRKO and wild-type mice.
We immunostained liver sections from wild-type or HS-EGFRKO adult male mice to localize EGFR. The HS-EGFRKO microscopic sections proved to be a useful way to validate the specificity of our EGFR and phospho-EGFR antibodies. We evaluated EGFR expression early in the light and dark periods because the number and affinity of the EGFR varies in a circadian manner based on radioligand binding studies (43) . We confirmed that binding was higher early in the light period than early in the dark period ( Fig. 2A) . The binding was entirely localized to the cell surface, and we did not detect nuclear staining. The staining for total EGFR was uniform between the portal to central vein. We did not see a portal-to-central vein gradient in EGFR protein, which has been previously described in tissue autoradiography studies using radiolabeled EGF (4, 5, 50) . As suggested by the immunoblots of total protein, only isolated hepatocytes and nonparenchymal cells, including bile duct cells, showed EGFR staining in the HS-EGFRKO sections. Disruption of EGFR expression occurred uniformly across the entire acinus.
We next analyzed the localization of EGFR and ERBB3 phosphorylation in liver sections of wild-type mice using phosphotyrosine-specific antibodies (Fig. 2B) . We injected recombinant murine EGF (1.5 g in 100 l PBS), recombinant human HRG-␤1 (1.875 g in 100 l PBS), or PBS (100 l) into the portal vein to enhance EGFR or ERBB3 tyrosine phosphorylation in wild-type or KO mice. Mice were euthanized 3 min after injection. The microscopic sections came from the same mice used to obtain liver lysates for the immunoblot in Fig. 1E above. Control tissue sections, which were obtained from mice euthanized in the middle of the light phase 5 min after the injection of PBS (the carrier), showed little or no phosphorylation, probably because circulating levels of EGF in mice peak in the late dark phase (22) . As expected, liver sections of HS-EGFRKO mice injected with either EGF or HRG showed no phosphorylation (data not shown). Consistent with the aforementioned immunoblot results, HRG had a much greater effect on ERBB3 phosphorylation, and EGF on EGFR phosphorylation. The histological patterns of phospho-EGFR and phospho-ERBB3 differed. For EGFR, there was a well-defined acinar gradient, with the level of phosphorylation being greater near the periportal tract (4, 5, 50) (Fig. 2B) . This was in contrast to the uniform staining for "total" EGFR ( Fig. 2A) . In contrast, phospho-ERBB3 was greater near the central vein. In contrast to EGFR, we saw specific phospho-EGFR signal in the nuclei of some hepatocytes, even though most of the staining was on the cell surfaces.
EGFR Figure 3 shows the results for EGFR, ERBB2, ERBB3, and Met. We previously had shown that EGFR expression is completely extinguished as early as 6 wk of age in our HS-EGFRKO. We observed that EGFR expression in the wild-type mice is always lower than in the HS-EGFRKO livers as early as 1 day of age (Fig. 1A) . Interestingly, the EGFR expression increased at weaning (21 days) and remained elevated during the first year of life. For ErbB2, we confirmed in mice our previous finding in rats that the expression of ERBB2 drops at the time of weaning and remains low during the first year of life (7, 46) (Fig. 2B) . In contrast to EGFR and ERBB2, ERBB3 expression increased by day 7 and remained elevated. In contrast to the ERBB proteins, Met expression appeared to be less developmentally regulated. We noted in preweaned animals that ERBB2, ERBB3, and Met were consistently higher in the HS-EGFRKO mouse liver compared with the wild-type liver, raising the possibility that other RTKs can compensate for lack of EGFR through increased expression during the neonatal period. Other possibilities for the enhanced expression of ERBB2 and ERBB3 in the HS-EGFRKO mouse liver include decreased EGFR-driven degradation of ERBB2 and ERBB3 or a negative influence of EGFR on the expression of these proteins in normal mice. EGFR gene disruption decreases the clearance of portal vein-injected EGF, with signaling and proliferating consequences for peripheral organs. We injected recombinant murine EGF (5 g in 200 l PBS) into the portal vein of wild-type and HS-EGFRKO mice and analyzed the effect on the clearance of EGF 5 min after injection. Figure 4A shows the abundance of phosphoproteins p-EGFR, p-AKT, and pp-ERK1,2 in the liver and colon of wild-type and HS-EGFRKO mice. These phospho-proteins were barely detected in PBSinjected mice (data not shown), and all samples shown were from EGF-injected mice. This figure shows that the wild-type mouse has enhanced EGFR, AKT, and ERK 1,2 phosphorylation in response to EGF, as would be expected. It also shows that these proteins are more heavily phosphorylated in the we measured the EGF levels in the plasma in mice injected with EGF ip and found that the levels were severalfold higher in the HS-EGFRKO mice, again indicative of reduced clearance of exogenous EGF in these mice. C: we measured EGF in the membranes (left) and cytosol (right) in the liver, pancreas, and colon in mice that had been injected with EGF ip, noting that the levels were higher in the pancreas and colon of the HS-EGFRKO mice. D: we injected EGF at different concentrations into mice ip and then monitored DNA synthesis 8 h later in the basal layer of the tongue, an EGF target organ. Note that the effect of EGF is more pronounced in the HS-EGFRKO mice for the dosages tested. *P Ͻ 0.02; **P Ͻ 0.001.
colons of the HS-EGFRKO mouse than the wild-type mouse. This is consistent with the hypothesis that EGFR in the liver may serve as a clearance receptor that diverts portal EGF to the bile duct system and eventually the intestinal lumen. To show that the circulating levels of EGF were higher in the HS-EGFRKO mice than in the wild-type mice, we measured the EGF levels in cardiac plasma at the time of euthanasia, using a sensitive and specific radioimmunoassay (RIA) (36) . We found that plasma EGF levels were about fourfold higher in the KO mice (Fig. 4B) . We also used this RIA to measure in the same mice the EGF levels in the membranes as well as the cytosolic fraction of cells. We boiled tissue membranes, pelleted them, and assayed the EGF in the resultant supernatants and the tissue lysate cytosols. This study, as shown in Fig. 4C , also demonstrated an increased localization of EGF in peripheral tissues compared with the liver in the EGF-injected HS-EGFRKO mice. Finally, in a separate experiment, we injected EGF ip and examined whether it would alter the cell proliferation of a target organ in the HS-EGFRKO mice. We have previously reported that EGF stimulates DNA synthesis in organs of the intestinal tract as early as 4 -12 h after ip injection (44, 45) . One of these organs is the tongue. We injected five wild and five HS-EGFRKO mice with varying dosages of EGF and euthanized the mice 8 h later. We then histochemically evaluated DNA synthesis in cross sections of tongue, as judged by nuclear cyclin-A labeling in the basal layer of this stratified epithelium (Fig. 4D) . The tongue shows a pronounced circadian rhythm of DNA synthesis and these mice were euthanized late in the light phase, when DNA synthesis is at its lowest point. We observed that EGF, at all dosages tested, increased DNA synthesis in the HS-EGFRKO mouse tongue compared with that in the wild-type mice, again pointing to a clearance role for hepatocellular EGFR.
HS-EGFRKO mice have paradoxically lower plasma levels of EGF.
The results of the previous experiments led us to hypothesize that EGFR may serve as a clearance receptor and that the circulating levels of endogenous EGF would be higher in the HS-EGFRKO mouse plasma. By RIA analysis, we discovered that plasma obtained the hearts of HS-EGFRKO mice actually had lower circulating EGF levels than wild-type mice. Figure 5A shows that ratio of wild-type plasma EGF to HS-EGFRKO plasma EGF increases with age after weaning. Figure 5B shows that plasma EGF remains constant during a 24 h fast in both wild-type and HS-EGFRKO mice. In contrast, insulin decreases by 80% in the plasma of fasted mice over this same period (data not shown). We also measured by RIA the circulating levels of transforming growth factor-␣ (TGF-␣), a distinct EGFR ligand, in wild-type and HS-EGFRKO mice and observed no differences (data not shown).
We next examined the submandibular salivary gland and its EGF content, since this is the main source of circulating EGF (22) . We observed that the submandibular glands of 11-mo-old male mice were smaller in the HS-EGFRKO mice. In contrast, the livers had a normal weight, although the kidneys in the HS-EGFRKO mice were larger (Fig. 6, A and B) . Indeed, when we measured the amount of EGF in the submandibular gland, we found decreased EGF levels (Fig. 6C) . We immunostained the salivary gland of male 11-mo-old mice for EGF and analyzed the staining pattern. EGF is produced by the granular convoluted cells (16) , which are easily distinguished from the serous-producing acinar cells. This organ normally shows a sexual dimorphism after weaning, with female mice having fewer granular convoluted tubular cells and more acinar cells. We observed that HS-EGFRKO male mice had a reduced number of tubules (Fig. 6, D and E) relative to the acinar cells. Thus the organ of the male HS-EGFRKO appeared to have become feminized over the first year of life.
Liver regeneration following 70% hepatectomy is delayed in HS-EGFRKO mice. Considerable evidence suggests that EGFR plays a stimulatory role in liver regeneration. It has been reported that in another model of EGFR gene disruption that peak DNA synthesis is reduced by 80 -90% at 36 and 48 h after liver resection (27) . To confirm this finding, we carried out 70% hepatectomies in wild-type and HS-EGFRKO mice and then harvested regenerating livers at 30, 36, 48, and 72 h after resection. We found that the weights of the male but not the female livers were slightly larger in the wild-type mice than the KO mice after hepatectomy ( Fig. 7A ; P Ͻ 0.04). To evaluate DNA synthesis, we analyzed cyclin A, a broad S-phase marker, by immunohistochemistry (Fig. 7B) and by immunoblot analysis of total liver homogenates (Fig. 7C) . Surprisingly, the increase in cyclin A in the HS-EGFRKO livers paralleled that in the wild-type mice by immunohistochemical or immunoblot analysis. When we evaluated cyclin D by immunoblot, we found no difference in induction or levels of cyclin D (data not 
. HS-EGFRKO mice have paradoxically lower plasma levels of EGF. A:
we monitored mid-light phase plasma EGF levels in HS-EGFRKO and wild-type mice at different ages and observed that the relative amount of EGF in the wild-type mice increased relative to HS-EGFRKO mice. There was twice as much circulating EGF in the wild-type mice compared with knockout (KO) mice at 12 and 44 wk of age. B: we measured mid-light phase plasma EGF in fasted mice and observed that in contrast to insulin, which decreased markedly (data not shown) the EGF levels remained constant and were always less in the HS-EGFRKO mice compared with the wild-type counterparts. *P Ͻ 0.02.
shown). However, when we analyzed BrdU labeling, we did note a shift in the peak from 36 to 48 h even though the initial timing of BrdU labeling in the HS-EGFRKO livers paralleled that of the wild-type livers (Fig. 7, D and E) . In addition, we saw higher Ki67 nuclear labeling in wild-type compared with HS-EGFRKO livers at 30 h (Table 1 ). Ki67 is a broad marker of proliferation competent cells that identifies not only cells in the S phase, but also cells in the G1-S and M phases (10). We did not rigorously examine whether there was a G2-M1 lag in the HS-EGFRKO mice as has been reported for HS-MetKO mice after PH (12); however, mitotic figures were more numerous in the HS-EGFRKO mice at 72 h compared with control mice, again suggesting a delay in regeneration. Overall, the effect of EGFR gene disruption was very modest compared with the previous study (27) . In addition, we saw no effect on Ki67 nuclear labeling in female HS-EGFRKO mice at 36 and 48 h (Table 1) .
Liver regeneration following CCl 4 is impaired in HS-MetKO mice but not HS-EGFRKO mice.
When the liver is injured by a chemical agent, the injured cells die, later replaced by proliferating hepatocytes that migrate into the wounded area. This requires not only cell proliferation but also cell migration and inflammatory removal of the dead cells. We injected CCl 4 into wild-type and HS-EGFRKO mice to determine whether loss of EGFR affected liver injury or cell proliferation in this model. We compared the effects of EGFR loss by carrying out similar experiments in a HS-MetKO and a HS-cMet-EGFR double KO (HS-Met-EGFRDKO). We harvested livers from mice euthanized at 24, 36, 48, 72 , and 120 h after CCl 4 administration. We found that EGFR gene disruption had no effect on plasma ALT levels, a marker of liver damage (Fig. 8) . We found that loss of hepatocyte EGFR loss had no effect on the liver weight in this model (Fig. 9A) , whereas loss of hepatocyte Met caused a consistent decrease in liver weight. Dual hepatocyte loss of EGFR and Met led to an even greater reduction in liver weight at most time points. When we analyzed the effect of EGFR gene disruption on the area of centrilobular necrosis over time, we found that loss of EGFR had no effect on necrosis (Fig. 9B) . The histological evidence confirmed the biochemical finding with respect to plasma ALT (Fig. 8) . In contrast, loss of Met led to more necrosis at 72 h, but we did not see a difference at 48 or 120 h (Fig. 9B) . In addition, loss of both EGFR and Met resulted in striking and highly significant differences at the time points studied (Fig. 9B) . Finally, we quantified Ki67 nuclear labeling to evaluate cell proliferation (Fig. 9C) . We found no difference in nuclear labeling between wild-type and HS-EGFRKO, but striking differences between wild-type mice and their HS-MetKO and HS-Met-EGFRDKO counterparts. . HS-EGFRKO mice show reductions in the weight and EGF production by the submandibular salivary gland (SMG). A: we weighed various organs in 11-mo-old old HS-EGFRKO mice and compared the weight to those in wild-type mice. The kidneys (Kid.) were larger whereas the submandibular glands were smaller. There was no change in the size of the liver (Liv.) itself. Tes., testes; Blad., bladder; Spl., spleen; Hrt., heart. B: we looked at the size of the submandibular glands as a function of age and noted that there was a progressive decrease in size that was first apparent at 2 mo. C: we used an RIA to measure the amount of EGF in the submandibular gland and found the EGF glandular content was reduced by ϳ30% at 11 mo of age. D: we calculated the area occupied by the granular convoluted duct cells in 11-mo-old old mice and found that it was significantly reduced in the HS-EGFRKO compared with the controls. These results indicate that the reduction in circulating EGF observed in the HS-EGFRKO mice (Fig. 5 ) is caused by decreased production of EGF by atrophic granular convoluted tubular cells, which synthesize nearly all of the EGF in circulation. E: sections of the submandibular salivary gland were immunostained with a rabbit anti-polyclonal against mouse EGF to identify the granular convoluted tubular cells (GCT). Darkness in the cytoplasm of the tubular cells correlates with EGF levels in this grayscale image. The acini (Ac) expressed no EGF. Note that the tubules are more numerous and robust in the wild-type mouse (left) compared with the HS-EGFRKO mouse sections (right). The EGF content was also higher in the GCT cells, consistent with the RIA results. These sections are representative, but there was some variation within each submandibular gland. *P Ͻ 0.01; **P Ͻ 0.001.
The nuclear labeling was low in the latter two groups at 48 h but did rebound at 120 h.
DISCUSSION
In this article we developed an HS-EGFRKO model to evaluate how loss of hepatocellular EGFR expression affects varied processes such as EGF clearance, circulating EGF concentrations, and liver regeneration following 70% resection or CCl 4 -induced centrilobular injury. We showed that the EGFR expression was effectively disrupted in the livers of male and female mice by immunoblot (Fig. 1, A and C) , radioligand binding (Fig. 1B) , and EGFR kinase activation studies (Fig. 1D) . By injecting EGF or HRG into the portal vein and evaluating by immunoblot the phosphorylation of EGFR and ERBB3 at 5 min after injection, we demonstrated that each ligand induced phosphorylation primarily of its own receptor (Fig. 1D) . Since ERBB3 is a weak kinase and no ERBB3 phosphorylation was observed in the HS-EGFRKO mice, a sufficient number of activated EGFR molecules must exist at the time of injection to phosphorylate ERBB3, even in the absence of exogenous EGF. This supports our prior hypothesis that EGFR and ERBB3 are the major heterodimeric ERBB signaling partners in hepatocytes of mature adult mice, which is based on low ERBB2 (Fig. 3B ) and no ERBB4 expression (7). When we examined the immunohistochemical phosphorylation patterns of EGFR and ERBB3 in the same animal liver (Fig. 2B) , we noted that EGFR was preferentially phosphorylated in hepatocytes near the portal vein whereas Fig. 7 . HS-EGFRKO mice show delayed 5-bromo-2=-deoxyuridine (BrdU) labeling in mice subjected to 70% hepatectomy. A: livers were removed from animals that underwent 70% hepatectomy and expressed as a percent of total body weight. Statistically significant differences were found in weight at 36 and 72 h after partial hepatectomy (PH), with the livers from the male HS-EGFRKO mice being significantly smaller than those of the wild-type mice at 36 h. No such differences were seen for female mice. B: we monitored nuclear cyclin A, a specific S-phase marker, by immunohistochemistry and observed that peak labeling occurred at 48 h in both the HS-EGFRKO and wild-type mice. Labeling at this time was comparable in both groups. C: we monitored cyclin A expression by immunoblotting and observed that the appearance of cyclin A in the livers of HS-EGFRKO mice after PH paralleled that in the wild-type mice. The level at 48 h was slightly higher in the wild-type mice. D: we monitored BrdU nuclear labeling by immunohistochemistry. BrdU defines cells actively synthesizing DNA during the instant it is injected into the mice. Although the kinetic of BrdU labeling was similar between KO and wild-type mice, peak labeling in KO mice lagged behind that in wild-type mice, suggestive of delayed cell proliferation. E: photomicrograph shows nuclei that are positive for BrdU incorporation into DNA. *P Ͻ 0.03; **P Ͻ 0.006. Liver sections from groups of hepatocyte-specific EGFR wild-type (f/f) or knockout (Cre f/f) (N ϭ 4 -6) were analyzed for nuclear Ki67 staining by immunohistochemistry (% of total hepatocyte nuclei). Means and standard errors were calculated for sections obtained from mice euthanized at different times after hepatectomy, including female (F) mice. The only statistically significant difference between was for the livers of male mice at 30 h (P Ͻ 0.005). The 36 and 48 h means of male mice approached statistical significance (P ϭ 0.1140 and P ϭ 0.08, respectively). The ratios of the means (ff/cre ff) are shown in the bottom row.
phospho-ERBB3 was more prominent in hepatocytes near the central vein. This has implications for understanding the signaling outcomes of these diverse ligands. The actions of EGF or HRG signaling may lead to distinct signaling outcomes not only because differential signal transduction launched by an EGFR homodimer as opposed to an EGFR-ERBB3 heterodimer (or even an ERB3 homodimer), but also because they occupy different zones in the hepatic acinus. This is important because liver parenchyma display metabolic zonation (19) . For example, oxidative energy metabolism, glucose release, amino acid usage, cholesterol synthesis, ammonia detoxification, glutathione peroxidation and conjugation, and bile formation are predominately localized to the periportal zone, whereas glucose uptake, ketogenesis, glutamine formation, and xenobiotic metabolism are localized to the perivenous zone.
The strong periportal localization of EGF is consistent with prior work showing a similar pattern using autoradiographic localization of portal vein-injected iodinated EGF. Early researchers showed that the liver effectively removed EGF from the portal circulation much in the way it clears and regulates the circulating levels of insulin (4, 5, 50) . Nevertheless, EGFR itself is uniformly distributed across the liver acinus when localized by immunohistochemistry using an antibody that recognizes nonphosphorylated as well as phosphorylated EGFR (Fig. 2A) . In the HS-EGFRKO mice, portal vein-injected EGF resulted in higher concentration of EGF in plasma (Fig. 4B ) and in peripheral tissues (Fig. 4C ), leading to a greater tyrosine phosphorylation of EGFR in these tissues (Fig. 4C) . Intraperitoneally injected EGF also stimulated cell proliferation to a greater extent in EGF-target cell populations, such as the basal layer of the tongue epithelium (Fig. 4D) . Clearance of EGF from the blood may be a general mechanism to tamp down the proliferative effects of EGF target tissues. Since ϳ10% of the internalized EGF crosses the hepatocyte to be delivered into the bile ducts (4), EGF clearance may also be a mechanism to provide the biliary tract with EGF, a wellestablished epithelial protectant. Numerous articles have shown that luminal EGF above the apical surface membrane of a polarized epithelial cell, such as an enterocyte, is normally sequestered from its basolateral receptor (40) but can gain access during conditions of mucosal disruption, initiating repair through migration and even replication of tight-junction disrupted cells (8, 54) .
On the basis of studies showing that EGFR can be effectively cleared, we hypothesized that the serum levels of EGF would be higher in the HS-EGFRKO mice than their wild-type counterparts. However, when we measured the circulating levels by RIA, we discovered that they were consistently lower in the former compared with the latter (Fig. 5, A and B) . This reduction occurred shortly after weaning when EGF salivary gland levels rise, particularly in male mice (15) . When we compared organs weights of 11-mo-old mice, we found that HS-EGFKO had statistically significant increases in the average kidney weight and decreases in the submandibular gland (Fig. 6, A and B) , with no changes in the testes, bladder, spleen, or heart or in the liver itself (Fig. 6A) . When we measured the amount of EGF in the submandibular gland, we found significant reductions in the HS-EGFRKO mice (Fig. 6C) , consistent with the decreased plasma levels. Microscopic analysis of the area in the submandibular gland occupied by the granulated convoluted cells ducts revealed a reduction in the total area in the HS-EGFKO mice consistent with emasculation of this organ (Fig. 6, D and E) . Testosterone as well as triiodothyronine (T3) are responsible for the sustenance of these tubules and decreased testosterone or T3 production or increased sex hormone binding protein in HS-EGFRKO mouse could lead to this outcome (13, 14) . Chronic insulin or dexamethasone injections also enlarge the submandibular gland and increase its EGF content (17, 39) . The reason for the increase in kidney size is also a matter of speculation, but cannot be ascribed to decreased free testosterone since this hormone positively regulates renal size. Hepatocytes do synthesize IGF-1, which also positively regulates remnant kidney size following unilateral nephrectomy. If EGF negatively regulates IGF-1 production in hepatocytes (38) , then the loss of EGFR signaling therein could increase IGF-1 leading to renal enlargement.
EGFR has been implicated in the positive regulation of hepatic regeneration after PH. Removal of the submandibular salivary gland, the major source of circulating and salivary EGF, retards liver regeneration in mice 2 wk after sialoadenectomy (28) . However, the submandibular salivary gland synthesizes many biologically active peptides, including NGF and renin (35) . In addition, the liver itself increases local expression of TGF-␣, another important EGF-like ligand, during regeneration; however, targeted disruption of this growth factor had no effect on regeneration following PH (37) .
Perinatal deletion of EGFR in hepatocytes expressing the Alfp-cre or Mx transgene showed strikingly impaired cell proliferation and cell cycle progression, with a pronounced reduction and delay in cyclin D1 expression, even though these mice did not show altered activation of Erk or Akt within the first few hours after PH (27) . In these studies, DNA synthesis was barely detectable at 36 and 48 h after 70% hepatectomy. In contrast, we found a relatively mild phenotype. For example, cyclin A expression displayed similar kinetics in the livers of HS-EGFRKO and their wild-type counterparts (Fig. 7 , B and C). We found no differences between wild-type and HS-EGFRKO with respect to cyclin D1 expression either (data not shown). We did see a slight lag in BrdU labeling in the livers HS-EGFRKO mice, with the peak occurring at 48 h rather than 36 h, but it was more modest than that of the earlier study (Fig.  7, D and E) . The reasons for the differences between the two studies may be related to experimental design. The Alfp-cre or Mx driven Cre recombinase tissue distributions disrupt EGFR expression in cells other than hepatocytes. The Mx promoter is active in hepatocytes, bile duct cells, and nonparenchymal cells of the liver as well as in other organs (21) . The Alfp-cre transgene includes not only albumin regulatory elements but also ␣-fetoprotein enhancers that are not present in our Alb-cre transgenic mice (31) . It drives Cre-recombinase in bile duct cells as well as hepatocytes (20) . The Alfp-cre EGFRKO mice also show a reduced body weight, which began as early as the third postnatal week and persisted through adulthood. In contrast, our HS-EGFRKO and wild-type mice had a similar body weight regardless of sex (Fig. 1A) . In the earlier study, a more complicated mechanism involving EGFR loss in some other cell type besides hepatocytes, such as bile duct cells, may have interfered with liver regeneration after hepatectomy.
Several other factors may be involved. In the previous study, the mice were the C57BL/6 strain, whereas our mice were a mixed 129SV-C57BL/6 strain. There may be genetic modifiers in the 129SV mouse that attenuate the loss of EGFR in hepatocytes. Strain has been shown to alter the effect of EGFR deletion in other models (52) . For example, global KOs die during embryogenesis or the neonatal period of distinct strainspecific causes. In agreement with the previous study, we did not see compensatory upregulation of Met or the other ERBB proteins during in adult mice; however, increased levels of ERBB2, ERBB3, and Met were seen prior to weaning, perhaps contributing to the normalization of early liver development in the absence of EGFR (Fig. 3) . Finally, even the wild-type PH mice in the previous study showed significant mortality as early as 48 h after PH. We had no mortality. This raises a question as to whether there may have been an additional stress-associated factor that accentuated the role of EGFR previously. The sex of the mice used in the prior study was not reported; however, we carried out a preliminary PH study with Note that the greatest loss of weight occurred for the animals that lost hepatocellular expression of both EGFR and Met. Loss of EGFR alone had no effect on liver weight. B: we monitored the necrotic area of the liver. Note that the greatest necrosis occurred for the animals that lost expression of both EGFR and Met. Loss of EGFR alone had no effect on liver necrosis. C: we evaluated cell proliferation by monitoring nuclear expression of Ki67 by immunohistochemistry at 48 and 120 h after CCl4 injection. Note that the greatest delay in Ki67 synthesis occurred for the animals that lost expression of both EGFR and Met. Loss of EGFR alone had no significant effect on cell proliferation as judged by this marker. *P Յ 0.002; **P Յ 0.001. female mice and found no difference in the expression of Ki67, the nuclear cell proliferation marker, at 36 and 48 h after resection (Table 1) . Having seen a relatively minimal effect of EGFR gene disruption on regeneration after 70% hepatectomy, we examined the response of the liver to acute CCl 4 injury, which is metabolized by cytochrome P450 2E1. The CCl 4 metabolites cause centrilobular necrosis and apoptosis, provoking over a 5-to 7-day period an inflammatory clearing of dead hepatocytes as well as an ingrowth of proliferating hepatocytes. This restores the "wounded" area with functional parenchyma. When we measured the serum ALT levels in the HS-EGFRKO plasmas, we found no differences in the timing or levels of this marker of liver damage (Fig. 8) . We then looked at liver weight, necrotic damage, and cell proliferation in the livers of not only EGFR, but also for Met single gene KO mice and EGFR-cMet double KO mice (Fig. 9) . Again, loss of EGFR seemed to have little or no effect in this model (Fig. 9A) . In contrast, Met did show a reduction in liver weight at specific times, particularly when combined with loss of EGFR in a HS-EGFR-cMet "double" KO. We found no difference in cytochrome P450 2E1 expression in the various wild-type strains and in the HS-EGFRKO mice, but preliminary studies revealed a small but statistically significant increase in the HS-MetKO (15%) and EGFR-Met double KO mice (10%; data not shown). This increase, which requires further study, is insufficient to account for the increased injury in either KO stain or the even greater injury in the EGFR-Met double KO mice. Collectively, these results suggest to us that EGFR and to a greater extent Met can compensate for one another, although a signaling mechanism downstream from these cell surface receptors may also be at work.
Met may be more important than EGFR in the regulation of liver regeneration, particularly in the CCl 4 chemical injury model. Met has been shown to play a more important role than EGFR in liver development (18) . In earlier studies, it has also been difficult to show that EGFR is phosphorylated immediately after PH when the circulating levels of EGF increase by 30%, although there is evidence that the receptor is internalized and ubiquitinated (49) . Still, the receptor does undergo enhanced tyrosine phosphorylation relative to sham-operated mice in protein tyrosine phosphatase 1B (34) and Mig-6 (33) KO mice, both of which normally negatively regulate EGFR tyrosine phosphorylation. These mice do show accelerated liver regeneration after PH. However, Mig-6 also negatively regulates Met tyrosine phosphorylation (29) . An alternative explanation to account of the lack of effect of EGFR may be the existence of redundant mechanisms to compensate for EGFR loss. Given the several-week delay between EGFR deletion and PH, the hepatocyte might acquire or upregulate redundant signaling mechanisms that allow it to overcome this loss. This might account for the acute effectiveness of EGFR siRNA in the rat to retard liver regeneration after PH (30) . The latter finding could also be interpreted that EGFR plays a more important role in the rat than the mouse liver, for which numerous differences exist, including the earlier timing of peak regeneration in the rat (24 h) compared with the mouse (anywhere from 36 to 48 h in different studies). Yet others have reported that AEE788, an immediate pharmacological inhibitor of EGFR, had no effect on regeneration in the rat after 70 or 90% PH (9).
Much has changed since EGF and its receptor were discovered almost 50 years ago. The key-lock model used to describe ligand-receptor interactions clearly misjudged the complexity and redundancy built into ligand-receptor signaling networks. This complexity is now well appreciated even if the understanding is still limited. Each RTK may have multiple ligands or distinct tyrosine kinase signaling partners. Moreover, for every kinase there is a phosphatase or direct kinase inhibitor that can negatively regulate downstream effects. There is also built-in signaling redundancy that enables cells to compensate for the loss of a specific protein. Unfortunately, such issues create difficulties in the use of KO studies to analyze the role of specific RTKs in normal events, such as liver regeneration. Similar problems are faced by oncologists treating cancers with specific inhibitors of tyrosine kinase receptors. Cancer cells can reprogram themselves and achieve alternative proliferative and metastatic fates by using a panoply of signaling molecules. Presumably, positive or negative modulation of various hierarchical signaling mechanisms involved in hepatocyte cell cycle progression enable the livers of double KO EGFR and Met mice to mount a regenerative response even though they lack two kinases, such as EGFR and Met, once thought to be crucial for regeneration. This avoids the need to employ a slower hepatic oval cell-mediated liver regeneration, relied on when hepatocyte proliferation is terminally blocked.
